The expression of Y97pCMF Cc protein was performed as previously described in E. coli BL21 (DE3) strain (3) . Tryptic digestion and MALDI-TOF analyses confirmed the molecular mass and the tyrosine substitution by pCMF. Protein concentration was determined by visible spectrophotometry, using an extinction coefficient (550nm) of 29 mM -1 cm -1 for reduced Y97pCMF Cc (3) .
To obtain the chimera MBP-HIGD1A, the HIGD1A protein was cloned into the pOPINM vector, which contains a N-His-MBP-3C tag located in the N-terminal end of the protein. We used the In-Fusion® technique according to the manufacturer's instructions (Takara Bio USA, Inc), and the following primers: 5'-AAGTTCTGTTTCAGGGCCCGATGTCAACAGACACAGGTGTTTCCCTTCC-3' and 5'-ATGGTCTAGAAAGCTTTACTAAGGCTTAGGTTTTGCCCAGAATTCCCG-3'. The new plasmid, containing the HIGD1A protein, was designated as pOPINM-HIGD1A. To express the MBP or MBP-HIGD1A proteins, E. coli BL21 (DE3) cells were transformed with the pOPINM or pOPINM-HIGD1A plasmids. Cells were cultured for 24 h at 30 °C and 150 rpm in LB medium supplemented with ampicillin (100 mg·mL -1 ) and induced at OD600nm of 0.6 with 1 mM IPTG. Cells were collected by centrifugation, and then resuspended in 20 mM Tris-HCl (pH 8.0), 500 mM NaCl,10 mM imidazole buffer, supplemented with 1% n-Decyl--D-maltopyranoside, 1 mM phenylmethylsulfonyl fluoride (PMSF), 0.02 mg·mL -1 DNase, and 0.2 mg·mL -1 lysozyme. The cytoplasmic fraction was obtained by sonication and insoluble cellular debris was removed centrifuging at 20,000 g for 15 min. The His-tagged forms of MBP and MBP-HIGD1A were then purified by nickel affinity chromatography, using a gradient ranging from 10 to 300 mM imidazole, without any detergent. Before using the MBP-HIGD1A and MBP proteins, the buffers were exchanged to 10 mM sodium phosphate (pH 6.5) buffer.
The N-terminal peptide of HIGD1A (HIGD1A1-26), whose sequence is MSTDTGVSLPSYEEDQGSKLIRKAKE, was purchased from GeneCust company, with a purity index greater than 99%. The peptide had an acetylation at the C-terminal to mimic the native protein, since the negative charge due to the carboxylic end of the peptide was eliminated.
Circular dichroism spectroscopy
Circular dichroism (CD) spectra were recorded using a Jasco® J-815 spectropolarimeter equipped with a Peltier temperature-control system. CD intensities are presented in terms of molar ellipticity [molar] using molar protein concentration (4). The secondary structure analyses were carried out by recording far-UV CD spectra (185-250 nm) at 25 °C in a 1-mm quartz cuvette. Samples contained 3 M protein in 10 mM sodium phosphate (pH 6.5) buffer, supplemented with 10 M potassium ferricyanide to keep the oxidized state of Cc species. For each sample, 20 scans were averaged.
The proper coordination of the heme iron atom in the recombinant Cc species was inferred from the Fe-Met80(S) bond, the sixth axial ligand of the heme group, which was monitored by recording visible CD spectra at 25 °C in a 10-mm quartz cuvette. Samples contained 30 M Cc in 10 mM sodium phosphate (pH 6.5) buffer, supplemented with 100 M potassium ferricyanide.
Thermal unfolding was monitored by recording far-UV CD spectra between 20 °C and 105 °C (with a heating rate of 1 °C min -1 ) in a 10-mm quartz cuvette. For these assays, the oxidized Cc species were at 3 M final concentration in 10 mM sodium phosphate (pH 6.5) buffer, supplemented with 10 M potassium ferricyanide. The heme coordination of the Cc species was monitored by recording visible CD spectra from 20 °C and 105 °C (with a heating rate of 1 °C min -1 ) in a 10 mm quartz cuvette. Samples contained 30 M Cc in 5 mM sodium phosphate (pH 6.5) buffer, supplemented with 10 M potassium ferricyanide. Changes in the tertiary structure of the protein upon temperature increases were additionally monitored by fluorescence-detected CD, following the increment of the intensity for the 270-nm excitation signal due to the exposure of Trp59 to the solvent (5). The sample mixture contained 30 M Cc in 10 mM sodium phosphate (pH 6.5) buffer, supplemented with 100 M potassium ferricyanide.
Electronic absorption spectroscopy
The coordination of the heme group of Cc was also analyzed by monitoring the absorption changes at the typical 699-nm band of the heme Fe-Met80(S) bond (6) . The pKa values were determined by fitting the 699-nm absorbance of the Cc species as a function of pH to the Henderson-Hasselbalch equation. Electronic absorption spectra were recorded in the 630-740 nm range, using a Jasco® V-650 spectrophotometer and a 1-mL quartz cuvette with a path length of 10 mm. Samples contained 0.2 mM oxidized Cc in 50 mM Tris-HCl (pH 7.4) buffer, supplemented with 0.2 mM potassium ferricyanide. For pH titration studies, the pH of each sample was adjusted to the desired values by adding aliquots of 0.1-0.5 M NaOH or 0.1-0.5 M HCl.
Cytochrome c oxidase activity
CcO activity assays were first tested using bovine CcO with both WT and Y97pCMF Cc in the presence or absence of the chimera MBP-HIGD1A membrane protein (MBP protein was used as a control). CcO activity was also measured using mitochondria obtained from the following S. cerevisiae yeast strains: WT strain (W303-1A mata leu2 trp1 ura3 his3 ade2), RCF1::HIS3 (Rcf1) strain (W303-1A mata leu2 trp1 ura3 ade2), RCF2::KAN (Rcf2) strain (W303-1B mat leu2 trp1 ura3 his3 ade2) and RCF1::HIS3 RCF2::KAN (Rcf1/Rcf2) strain (W303-1A mata leu2 trp1 ura3 ade2), all of which were provided by Dr. Rosemary A. Stuart (Klingler College of Arts and Sciences, Marquette University, Milwaukee). Yeast cells were grown in 2% yeast extract, 2% peptone, 0,5% lactic-acid and 2% dextrose galactose (YPL-Gal) media previously described to obtain mitochondria-enriched cells (7) . Crude mitochondria were then isolated as previously described and stored at -80 °C in 0.6 M sorbitol, 20 mM 2-(N-morpholino) ethanesulfonic acid, 4-morpholineethanesulfonic acid (MES)/KOH (pH 6.0) buffer (8) . To permeate the outer mitochondrial membrane and allow exogenous WT and Y97pCMF Cc (at a final concentration of 6.9 M) to enter into the organelle, n-dodecyl -D-maltoside (DDM) detergent was used following previously reported protocols (9) . Both in vitro and in mitochondria CcO activities were determined at a Jasco® V-650 spectrophotometer using a CcO activity kit (BioChain® Catalog Number: KC310100) according to the manufacturer's instructions. No signal of Cc oxidation was obtained in assays in the absence of exogenous Cc species, showing that it was necessary to add exogenous Cc to test the CcO activity. For measurements involving the MBP-HIGD1A chimera, such protein was incubated with CcO at 25 ºC for 30 min before each assay. The same was performed with the MBP protein as a control of the effect of MBP tag.
The experimental values for CcO activity were calculated from the slopes of the 550-nm absorbance changes with time in at least three independent experiments.
Isothermal titration calorimetry
All ITC experiments were performed using a low-volume Nano-ITC calorimeter (TA instruments, Inc.) at 25 °C. The experiments with Cc and CcO as partners consisted of 3 L injections of 0.04 mM Cc in the buffer used for CcO activity assays (Biochain® Enzyme Assay Buffer (1x) Catalog Number: KC310100-1) into the sample cell, initially containing 0.002 mM CcO in the same buffer. For the interactions of Cc with the MBP-HIGD1A and MBP proteins, we tested 0.1 mM Cc in the syringe with 0.015 mM MBP-HIGD1A or MBP in the sample cell, all of them in 10 mM sodium phosphate (pH 6.8) buffer. The titration of the N-terminal peptide HIGD1A1-26 (0.4 mM) with reduced Cc species (0.02 mM) was performed using the same buffer as that for MBP-containing proteins at pH 6.5. The experimental data, specifically the heat-perinjection normalized per mol of injectant versus molar ratio, were analyzed with NanoAnalyze Data Analysis v. 3.7.5 (TA Instruments) using an independent-site binding model. All solutions were previously reduced or oxidized by an excess of sodium ascorbate or potassium ferricyanide, respectively, which were removed by dialysis before titrations. The reference cell was filled with distilled water.
Confocal microscopy analysis
Heltog cells expressing Cc-GFP (green fluorescence protein) were cultured in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum, 2 mM Lglutamine, 100 U mL -1 penicillin, 100 g mL -1 streptomycin, and maintained at 37 °C in a humidified 5% CO2 atmosphere.
For cell transfection, 50,000 Heltog cells were grown on glass slides in a 6-well plate in 2 mL of growth medium to attain around 80% confluence at the time of transfection. Upon 72 h, cells were transfected with 2.5 g HIGD1A-mCherry plasmid using Lipofectamine 2000 according to the manufacturer's instructions. 24 h after transfection, 1 g L -1 Hoechst and 500 nM MitoTracker TM Red FM (ThermoFisher Scientific) were added to stain nuclei and mitochondria, respectively. Afterwards, cells were fixed in 4% paraformaldehyde in phosphate buffer saline (PBS) for 10 min and washed in PBS. The fluorescence of the mCherry, GFP and Hoechst was detected by confocal microscopy in a Leica TCS-SP5 laser microscope.
Co-Immunoprecipitation assays for detecting HIGD1A-cytochrome c interaction
The co-immunoprecipitation assays on Heltog cells, previously transfected with HIGD1A-mCherry plasmid, were performed with the Pierce™ Co-Immunoprecipitation Kit (Thermo Scientific catalog number 26149), following manufacturer's instructions. Samples were resolved by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) in either 15% (for Cc detection) or 12% (for HIGD1A detection) gels, and further transferred to nitrocellulose membranes (EMD Millipore) using a Mini Trans-Blot electrophoretic transfer cell (Bio-Rad). Membranes were blocked in 5% nonfat dry milk in TBS with Tween-20 (TTBS). Immunoblots were performed with primary antibodies, and HRP-conjugated secondary antibodies were used for detection. The antibodies used are indicated in the below 3.14. Antibodies subsection. The immunoreactive bands were detected using Amersham ECL Plus Western Blotting Detection Reagents (GE Healthcare Life Sciences).
Mitochondrial reactive oxygen species measurements
ROS production from isolated MitRcf1/2 and MitWT yeast mitochondria was measured as previously described with minor modifications (10) . To permeate the outer mitochondrial membrane to exogenous Cc (3.6 M), 0.06 mg mL -1 mitochondria was incubated in ROS buffer (20 mM HEPES-NaOH (pH 7.2), 125 mM KCl, 4 mM KH2PO4, 14 mM NaCl, 1 mM MgCl2, 0.2% of fatty acids free bovine serum albumin, and 0.020 mM EGTA), supplemented with 0.08 mM of DDM detergent, during 5 min at 4 ºC. Succinate (1 mM) was added as NAD + -dependent substrate. ROS production was monitored following the increase in fluorescence due to the formation of resorfurin from the combined peroxidase-H2O2 action on Amplex® Red reagent, which was added at a final concentration of 10 M. Fluorescence was registered in a Cary Eclipse (Varian) fluorescence spectrophotometer, using an excitation wavelength of 555-nm and an emission wavelength of 581-nm. Such fluorescence was monitored along two steps: during 2 min before the addition of succinate and exogenous Cc (basal step), and during 4 min after the addition of the NAD + -dependent substrate and Cc species (succinate step). To calculate H2O2 production in pmol H2O2 per min per mg of mitochondrial protein, we followed the protocol described in ref. (10), so obtaining the slope coefficient of the calibrate assay and dividing it by the slope coefficient of each measurements and by the amount of mitochondrial protein present in the assay.
Molecular docking
A structural model of human respirasome assembly, including HIGD1A protein and the two distal and proximal binding sites for Cc in both CIII and CIV membrane complexes was created through simulated annealing. A soft docking algorithm implemented in the HEX software package was used to generate in silico models of the interactions implicated in the respirasome. For each run, 100 solutions were generated. Geometric docking solutions were based on the complementarity of protein surfaces. These solutions were evaluated and ranked according to their "global score", taking into account different interaction criteria including electrostatic energy of interaction, relative solvation energy and the relative propensity of side chains to interact. Cryo-electron microscopy (Cryo-EM) structure of human respiratory supercomplex I1III2IV1 (PDB: 5XTH (11)) has been used as template for the model. As proximal and distal sites for Cc in CIII have been previous calculated by docking computations (12) , the CIII interacting with two Cc molecules was aligned with the CIII present in the respirasome, unveiling both Ccbindings sites in the respirasome. To introduce the Rieske subunit in CIII within the respirasome (PDB: 5XTH (11)), CIII structural model containing such subunit (from previous computations (12)) was aligned with CIII from the Cryo-EM respirasome structure. To illustrate the position of the distal Cc-binding site within CIV, a docking computation was performed using the 3D structure of the 1:1 CcO-Cc complex available at the Protein Data Bank (PDB) (PDB: 5IY5 (13)), which has the Cc molecule bound at the CcO proximal site, and the 3D structure of Cc also available at the PDB (PDB: 1J3S (14)). On the basis of the resulting 1:2 CcO:Cc model, a second molecular docking computation was run to accommodate the HIGD1A molecule over the 1:2 complex. This second model was used to incorporate two Cc molecules and one HIGD1A molecule into the Cryo-EM structure of human respirasome by aligning CcO chains from both models. All molecular graphics of complexes were generated using the UCSF Chimera package (15) .
Peroxidase activity assays
Peroxidase assays of Cc were carried out as previously reported (16) . DOPC:TOCL liposomes were incubated for 1 h at room temperature with Cc in a ratio 1:100 (w/w) (Cc:lipids) in 20 mM HEPES buffer (pH 7.4). After the incubation, and immediately before starting measurements, 5 M 2,7-dichlorofluorescein diacetate (H2DCF) and 100 M hydrogen peroxide were added to the samples. H2DCF upon oxidation by Cc is de-esterified to 2′,7′-dichlorofluorescein (DCF), which is fluorescent. DCF fluorescence increment was measured for 30 min using an excitation wavelength of 502-nm and emission of 522-nm (with a slit of 5 nm in both cases) in a Cary Eclipse (Varian) fluorescence spectrophotometer, estimating the peroxidase activity as the slope of fluorescence increment. To test the basal peroxidase activity of Cc, control assays without liposomes were also performed.
Liposome preparations and binding to cytochrome c
To analyze the interaction of Cc with cardiolipin (CL), small unilamellar liposomes were formed by sonication in 25 mM HEPES buffer (pH 7.4). Liposomes were prepared from DOPC and TOCL (4:1 ratio) or DOPC alone (manufactured by Avanti Polar Lipids®).
Cc:CL binding assays were performed as previously described (17) . Cc and liposomes were incubated at different ratios for 1 h in 25 mM HEPES buffer (pH 7.4). The samples were applied to a 0.8% agarose gel for electrophoresis for 90 min at 50 mV in non-denaturing 35 mM HEPES buffer (pH 7.4). Gels were stained for protein detection with 0.25% Coomassie Brilliant Blue R-250 in 45% methanol and 10% acetic acid.
Caspase activation assays
In vitro activation of caspases was achieved as formerly described with slight changes (18) . Cytoplasmic cell fractions devoid of endogenous Cc from HEK293 cells were obtained as previously described with minor modifications (19) . HEK293 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum, 2 mM Lglutamine, 100 UmL -1 penicillin and 100 gmL -1 streptomycin, and maintained at 37 °C in a humidified 5% CO2 atmosphere. For subcellular fractioning, cells were treated with trypsin and collected by centrifugation (2,000 g for 5 min). Pellets were washed twice with PBS and once with cell extract buffer (CEB: 20 mM HEPES pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 100 M PMSF). After these washes, cells were again collected by centrifugation (2,000 g for 5 min), and pellets were resuspended with two volumes of CEB. The cell solution was incubated for 15 min at 4 °C. Subsequently, cells were disrupted by 30 strokes with a Dounce homogenizer. Lysates were centrifuged at 15,000 g for 15 min at 4 ºC to remove nuclei and organelles. Protein concentration of the extracts was measured using the Bradford protein assay (Bio-Rad, Hercules, CA). 100 g of cytoplasmic cell fractions were incubated with 1 M reduced Cc for 60 min at 37 °C in a total volume of 25 L with 25 mM KCl, 0. 
Antibodies
Mouse monoclonal anti-His6 and anti--tubulin were obtained from Sigma-Aldrich (catalog numbers 11922416001 and T8328, respectively). Secondary horseradish peroxidase (HRP)-conjugated anti-mouse IgG was obtained from Sigma-Aldrich (catalog number A4416). Rabbit antibodies against the C-terminal domains of yeast Rcf1 and Rcf2 were kindly provided by Prof. Peter Rehling (Göttingen, Germany). Mouse anti-human Cc was obtained from BD Pharmingen (catalog number 556432). Rabbit anti-human Cc serum was obtained by immunizing male rabbits with full-length recombinant Cc suspended in a 0.85% NaCl solution. Rabbit polyclonal anti-H3 and monoclonal anti-Hsp60 were purchased from Abcam (catalog number ab1791 and ab45134, respectively). Rabbit anti-HIGD1A was obtained from Atlas (catalog number HPA043336). Secondary horseradish peroxidase (HRP)-conjugated anti-rabbit IgG was obtained from SigmaAldrich (catalog number A0545). Fig. S1 . Substitution of tyrosine for pCMF at position 97 in cytochrome c using the evolved tRNA synthetase technique. To introduce pCMF into the protein, the Tyr97-encoding triplet was replaced with an amber codon (TAG) in the human cytochrome c (Cc) gene sequence. That mutation allows the incorporation of pCMF by a designed orthogonal tRNA that recognizes the amber codon. The ribbon representation of Y97pCMF Cc was built using the human WT Cc structure as a model (PDB:2N9I (21)). The pCMF97 side chain is colored in red. The heme group is in green, with its Fe atom in orange. The side chains of the two heme axial ligands (His18 and Met80) are also shown. The protein zoom shows the -helix pocket with pCMF. . Samples were analyzed on 0.8% agarose gels stained with Coomassie Brilliant Blue. Squares highlight the Cc:lipid ratio (1:100 w/w) at which the peroxidase activity was measured (see Fig. 4A ).
